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Abstract

Non-contact heat flux measurements have been demonstrated using crystalline sapphire and
polycrystalline alumina as the working material and a multiwavelength pyrometer as the measuring
device. Heat flux sensing is now achieved using a 25 tun thick nanostructured thermal barrier coating
(TBC) on 3 mm thick sapphire substrate. Advanced nanostructured TBCs transmits in the infrared
region and are capable of producing even larger temperature differences than the traditional flame
sprayed zirconia TBC. Though a 1 mm (40 rail) thick flame sprayed zirconia TBC produced the
desired temperature difference, it transmitted less than 0.2 % of the radiation in the short wavelength
region, making it less suitable as a heat flux sensor.

Introduction

A non-contact heat flux gauge using semi-transparent material was demonstrated using a sapphire
crystalC_)and polycrystallinealumina (2)as the working materialand a multiwavelength pyrometer as

the measuring device.The successesobtainedsofarindicatedthatitmay be possibletomake a heat

flux sensorfrom the protectivethermal barriercoating(TBC) materialsthat are widely used or/

turbine engine components. The traditionalflame sprayed zirconia(ZrO2) TBC and a new
nanostructuredTBC were investigated.

Method

The design of a remote heat flux sensor was described in refs. 1 & 2. Figures 1 and 2 illustrate the
concept and its implementation. The sensor consists of a semi-transparent material slab of thickness
t, thermal conductivity z, and cross-sectional area A. The temperature difference AT=T2-T 1across the
surface of this heat flux sensor is measured using a multiwavelength pyrometer exploiting the fact
that short wavelength radiation originates in the back and long wavelength radiation originates at
the front of the semitransparent material. The conducted heat flux is determined from Eqn. i where
Q is the rate of thermal energy conducted across the area A arising from the temperature gradient
AT/t.

Q/A=K (Am/_) (1)

The abilitytomeasure the frontand back surfacetemperaturesofthe sensordepends on knowing the

emissivityand transmissivityofthe materialinvolved.These quantitiesare shown infigures3 & 4
forcrystallinesapphireand polycrystallinealumina. Above 6Inn,thereisessentiallyno transmission

forthe 8 mm thicksapphire.Alumina, being chemicallythe same as sapphire,isexpectedto have

similartransmissivityand emissivityatlongwavelengths(>7 Inn).The alumina transmissivityshown

in figure 4 is different from that of sapphire in figure 3. Alumina transmits much less than thd

sapphire and the transmission exhibits a m,xlm,m attributed to losses due to scattering by the
polycrystals constituting the material. This is consistent with the data in ref. 3 which shows that in



this wavelength range the scattering decreases with wavelength. The emissivity of sapphire ¢2)and
alumina are very similar.

Flame sprayed zirconia (ZrO2) is the prime TBCs candidate for a heat flux sensor because it is widely
used on turbo machinery components (s). ZrO 2 emissivity is very low, at short (_<4 tun) wavelengths.
It increases to unity at the longer (k>8 tun) wavelengths c5)with the transmissivity being zero there.
Free standing ZrO2 TBCs of thickness 0.125, 0.25, 0.5 and i mm were prepared. By positioning them
between a 1335 K black body radiation source and a chopper, their transmissions at room temperature
were measured (figure 5). The energy is attenuated by absorption, scattering and interface reflections.
The thickness of TBC on turbo machinery components are of the order 0.1 mm. A 0.125 mm thick

sample ofZrO 2 transmitted less than 2% of the radiation. The transmitted energy may not be enough
to perform temperature measurements. Also, the 0.125 mm thick material would not produce a large
enough temperature difference to be measurable by the pyrometer. Low transmission and small.
temperature differences may rule out traditional flame sprayed ZrO2 TBC as a heat flux sensor.

A new nanostructure is being developed for use as a TBC on engine components. These TBCs are
more effective thermal insulators. The composition and structure of these coatings are proprietary.

TBCs, only 25 tun (0.025 mm) thick, produced large temperature differences. The transmission of a
nanostructured TBC on zinc selenide is shown in figure 6. Radiation is from the visible up to 10 tun.

Zinc selenide, transmits up to 14 tun, indicating that the nanostructured TBC layer is transparent up
to about 10 tun. The apparent low transmission in figure 6 is due to the 6 mm polycrystalline zinc
selenide substrate which strongly scatters and therefore attenuates radiation. A nanostructure coating
was obtained on a 3 mm thick sapphire disk. Heat flux sensing was accomplished using this

nanostructure sample.

Results

The transmission spectra (figure 7) of nanostructured material on sapphire at short wavelengths

(_<6 tun) was obtained by placing the sample in front of a black body furnace set to different
temperatures. Because the black body temperatures are known (1339, 1215, 1092, 974, 862 and 751
K), the transmissivity (figure 8) of the nanostructured TBC sapphire combination was obtained by
dividingthe spectraby the Planck functionsat thesetemperatures. The absorption,scatteringand
interface reflections are accounted for using this technique. Though the nanostructured TBC itself

transmitsup to i0 tun,the nanostructuredTBC sapphirecombinationdoesnot transmit above 6 tim

due tothe sapphire.The emissionspectraofthenanostructuresapphirecombinationatlong(_.>6pan)

wavelength is shown in figure 9. The emissivity in this spectral region is taken to be unity. Planck
curves of different temperatures and emissivity of unity fit the emission spectra very well in the 10
to 13 tun region. In this way, the temperature of the nanostructure surface viewing the spectrometer
were determined to be 575, 540, 495, 462 and 421 I_ The nanostructured TBC is made into a heat
flux sensor in the same manner as sapphire and alumina c12). The surface of the sapphire that did not
have the nanostructured TBC on it was coated with scanning electron microscopy black graphite paint

and placed in the opening of a black body furnace which was set to various temperatures. The painted
surface looked into the furnace. The emissivity of this graphite paint, measured previously _1),is shown

in figure 10. Radiant energy from the black body furnace reaching the painted sapphire surface is
dissipated by the following mechanisms: (i) reflected and emitted by the graphite surface back into the
furnace, (ii) conducted through the graphite paint, the sapphire, and the nanostructured TBC and then
convected and radiated away from the front surface, (iii) radiated from the graphite surface and

transmitted through the sapphire and nanostructured TBC exiting from its front surface.

Spectra of nanostructuredTBC sapphire with a graphite paint on one surfacewere obtained at
differentblackbody furnacetemperatures. They are shown in figure11. Each ofthese spectrais

assumed toconsistoftwo parts,(i)radiationemittedby the graphitepaintand transmittedthrough
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the sapphire and nanostructured TBC, and (ii) radiation emitted from the front surface of the
nanostructured TBC. The spectra are represented by:

S(A) :e I(A) r (l) Lx(rI) +_2 ()')LX (72) (2)

where s,isthe graphiteemissivity,_isthe sapphireand nanostructuredTBC transmissivityand e2
isthe nanostructuredTBC emissivity.

The two components in Eqn. 2 were calculated:

(i) The Back Surface (graphite) component was

(fi)

calculatedfrom a Planck function

correspondingto the graphitetemperature,the averaged short wavelength transmissivity

(whichincludedallinterfacereflections)ofnanostructuredTBC coatedsapphire(figure8),and

the graphitepaintemissivity(figure10).

The Front Surface (nanostructured TBC) component was calculatedfrom a Planck

functioncorrespondingtothe frontsurfacetemperature ofthe nanostructureTBC and the

unity emissivityin thisrange which was used to fitthe data in figure9 at wavelengths

_>i0 tim.

The data in fig. 12 is the sum of these two components. The dip between 4 and 6 pan is due to the
complex absorption and re-emission process which is neglected at the present time. The other curves
are the measured spectrum, and two Planck functions (one for the front surface and one for the
graphite paint). The graphite temperature was determined to be 752.4 K and the nanostructure front
surface temperature to be 687 K. The same analysis was performed on the other spectra in figure 11.
The graphite temperatures were determined to be 752.4, 658.0, 571.9, 508.0, 460_8 and 427.4 K and
temperature differences, AT, across the nanostructured TBC and sapphire were 65.4, 48.0, 31.9, 28.0,
27.8 and 27.4 K respectively. On interface reflection has to be eliminated to obtain the correct
temperature.

Similar to the sapphire and alumina heat flux sensors, the determination of the graphite temperature
depended critically on knowing the sensor material transmissivity. The nanostructured TBC-sapphire
transmissivity shown in figure 8 was measured previously from the transmission spectra, which

includes all interface reflections. While with the graphite paint on a surface to make a heat flux
sensor, one interface reflection is eliminated. The graphite emissivity shown in figure 10 was
measured in air. Once the nanostructured TBC is deposited on a surface, it is not possible to measure
the emissivity of the substrate and the transmissivity of the TBC independently. The recently
developed self-calibrating, emissivity and/or transmissivity independent multiwavelength pyrometer <e)
was adapted to measure in situ the surface emissivities, the TBC transmissivity and the back surface
temperature of the heat flux sensor all at once. This corrects for the interface reflection.

The measured spectrum S(_.,T) of a surface in volts is related to the radiation constants cl, c2, and the
temperature T in Planck's law, the emissivity ex of the graphite paint-sapphire interface, the
transmissivity % of the sapphire and nanostructured TBC, and the instrument constant g_
(representing the radiation to voltage conversion constant of the detector in the pyrometer) by

ci 1 (3)S(A, T( ti))
=gx%_x-_ -6 exp (c2/IT( t_))-I

Because the spectrainfigureIiwere recordedatdifferenttimes,we designatethem asS(_.,(_)),where

T(_.)isthe temperature at time _. Consider 2 wavelengths,labeled_ and _ at time t and their
associatedquantities.Eqn. 3 isused foreach wavelength.The two resultingequationsare solvedfor

T(t)and setequalto each otheryielding



T[ t) - c211a

I ci 1log gasara As S(Aa" t)

Solving this equation for S(_,t) gives

sCA ,

c2/A_

I CI 1+i log gzgzT_ k s S(lz,.t)

c 1CI 1 +i -_z-I

+I) (4)

(5)

Any additional constants, such as refractiveindex dependence at each wavelength can be lumped

together inside g_. Referring to Eqn. 5, by assigning a value to gReR_m the quantity in the curly
bracket on the right hand side is evaluated from the spectra data and is plotted vs the quantity on

the lefthand. The resulting straight line passes through the originwith a slope equal to giE,_p The

slope isdetermined by least squares method. Using a set of data represented by the spectra S(l,t),

g_x_iisdefined in terms ofg,ER_R. This isdone forallI#R. The gxE_s are now functions ofgR_z_z only.

Temperatures T(k,t)can now be determined from Eqn. 6 (derived from Eqn. 4).

T(A, t) - c_/AI

,{ c_ 1 +i ) (6)log gpzrzl Asx S(AI" t)

In theory, at time t,T(k,t)has no wavelength dependence and should be equal to each other. For rear

data, there will be variations,and averages of T(t)over allwavelengths are defined as

I=N

T(A r, t) (7)

T(t) - z--1
N

Among the many possible values of gRER_R,the correct one is selected by using the following least

squares procedure:

1)

2)

3)

Assign a value to gx£,_,,determine the corresponding g_%zxusing Eqn. 5.

Use the so determined gr%_Ito determine T(t) using Eqns. 6&7.

Transform allthe spectra into a large data set (x,y)using

4)

S)
The value of gR£R_R that produced the least residual is

corresponding glelXland T(t).

x=cJAT( t) Y= S(A t) i c, x s, ' - (8)
gxctZt T(t) 5 C2s e_-I

The transformed data set (x,y)obeys the generalized non-dimensional Planck formula (Eqn.

8,an invariant curve). The (x,y)data isfittedto the Planck curve by evaluating the residuals.

The residual isthe sum ofthe squares ofthe transformed y minus the calculated y, which is

obtained using the transformed x data in the y formula defined in Eqn 8.

A new value isassigned to gRgRZm and steps (i to 4) repeated.

the correct one, and determines the

To perform the data analysis,itwas more convenient to transformed the data by selectingone ofthe
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spectra as a reference and subtracting it from all the other spectra and work with the differences.

Because no signal of wavelength longer than 6 tun is transmitted through the TBC sapphire

combination, only this portion of the spectra in figure 11 was used to determine the back surface

temperature. Figure 13 shows a plot of data using to Eqn. 5. It is indeed a straight line. The slope

is obtained by least squares curve fitting. The resulting gtEx_s are shown in figure 14, which contains

the product of the nanostructured TBC sapphire transmissivity and the graphite emissivity, and the

front surface emissivity. Beyond 4.5 tun, the combined effect of surface emission and absorption and

emission in the transparent material is evident. Also shown in figure 14 is the average

nanostructured TBC sapphire transmissivity from fig. 8. Figure 15 shows the calculated temperatures

T(_,t). The results from high temperature spectra whose data have good signal to noise ratio,

exhibited almost constant temperatures. As the temperature drops, the peak energy moves to longer

wavelengths. Therefore the spectra for low temperatures have poor signal to noise ratio, especially

at shorter wavelengths, with some of the data being negative. Eqn. 6 cannot process a negative

argument in the logarithm function, thus producing no valid temperatures. The transformed (x,y) data
are shown in figure 16 together with the invariant non-dimensional Planck curve. The date_

corresponding to the 3 lowest temperature spectra showed considerable scatter because of the poor

signal to noise inherent at low temperatures and short wavelengths. The "poor" data that could not

be processed by Eqn. 6 were excluded from evaluating T(t) using Eqn. 7, but are included in curve

fitting using Eqn. 8. If they were excluded, most of the scatter in the data in figure 16 would
definitely be removed. But the agreement is unmistakable. The temperatures of the graphite paint

sapphire interface were determined to be 744.6, 651.2, 567.5, 494.2, 443.6 and 409.1 K. These
temperatures agree to within about 5% with temperatures obtained using prior determined

nanostructured TBC-sapphire transmissivity and graphite surface emissivity obtained from

experimental conditions not exactly identical to the situation when the heat flux was measured. The

nanostructured TBC front surface temperatures, calculated using data at the 11 to 12 tun wavelength

region, are 694.0, 612.1, 539.3, 481.8, 433.5 and 401.0 K. The resulting temperature differences are

50.6, 39.1, 28.2, 12.4, 10.1 and 8.1 K.

The thermal energy absorbed by the graphite paint is taken to be e,vg_(TBB4-T_), where ¢_ =
5.67032 x 10 _ W/m2K 4 is the Stefan-Boltzmann's constant, TBBis the black body furnace temperature,

Tg is the graphite paint temperature, and ei_ is the average emissivity of graphite paint taken to be
0.8. The calculated heat fluxes are 133.6, 91.5, 60.2, 38.2, 23.3 and 13.1 kW/m 2. The plot of the

incident heat flux vs temperature difference obtained using the two procedures are shown in figure

17. To obtain heat flux values from the pyrometer measured temperature difference requires knowing

the nanostructured TBC thermal conductivity and thickness. If t, is the sapphire thickness and t n is
the nanostructure TBC thickness, then t=te+t , is the total nanostructured TBC and sapphire thickness.

If r_ is the thermal conductivity of sapphire and r_ is the thermal conductivity ofnanostructured TBC;

then the equivalent thermal conductivity v_ of them combined is given by

t_ is+On_ is+ t___n (9)

K e K e K s K n

Precise values oft, and _ are not available,t,isknown only to be about 25 tun. The slopesofthe two

linesin figure 17 isthe quantity w_/t.They are evaluated to be 1.89 and 2.43 kWm'2K "Irespectively.

For tn=25 Inn, t,=3.4mm, and r_ being between about 15 to 30 Wm*K "I,and the value 2.43 selected

for _/t,Knisdetermined to be between 0.0064 and 0.0062 WmIK "I.This is about fivethousand times

less than sapphire or alumina. The new nanostructured TBCs would make a very good heat flux

sensor.

Conclusion

The traditionalzirconia TBC coating of usual thickness (0.i ram) may not transmit enough optical



signal to function as a heat flux sensor. A 25 tun nanostructured TBC on a 3 mm thick sapphire
substrate developed sufficient temperature difference between its two surfaces to be measured by
multiwavelength pyrometer and used for heat flux measurements. Based on the estimated thermal
conductivity, a 25 tun thick nanostructure TBC should produce a sufficient temperature gradient to

be used as a heat flux gauge.
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